Abstract
Introduction
Luminescent lanthanide complexes have attracted much recent attention because of their use and further potential in a wide variety of applications such as bio-fluoroimmunoassays, [1, 2] as sensors, [3] [4] [5] [6] [7] in light emitting diodes, [8] [9] [10] and as waveguide amplifiers for lasers. [11] [12] [13] [14] [15] [16] [17] [18] In most of the cases, luminescent lanthanide complexes consist of a lanthanide ion attached to a chelating chromophore which transfers the excitation energy to the lanthanide ion, which must be protected from water coordination to avoid quenching. The presence of this chromophore overcomes the limitation of an intrinsically small molar absorption coefficient () for the metal by using a strongly absorbing organic ligand. This light harvesting phenomenon is known as the antenna effect, and compared to the bare cations, increases the brightness (defined as the product of the luminescence quantum yield and of the molar absorption coefficient) and the luminescence lifetimes of the lanthanide ions, which are highly sensitive to the local environment and quenched by overtones of X-H vibrations, where X = O, N, C.
At the molecular level, the strong paramagnetism of these ions has led to important applications in NMR shift reagents applicable in 3D protein structure determination, for example. [19] The ligand field splitting of Ln (III) can also be used to determine changes in coordination geometry around the lanthanide ion. [20] [21] [22] [23] [24] In such cases, the luminescence pattern can be used to determine or indicate a change in the geometry of the binding atoms about In a 500 mL 2 necks round bottom flask, fitted with a reflux condenser and a dropping funnel, were placed 0.05 mol of methyl 2-methoxy-3-methylbenzoate and 80 mL of benzene. A 1000-watt halogen-tungsten lamp was place in an upright position about 3 cm from the flask. The solution was gently refluxed while 0.05 mol of bromine in 80 mL of benzene was added at such a rate that a red color persisted at all times. The reaction was judged complete when all the bromine was added and the red bromine color had disappeared. 92%; 
1,4,7,10-tetrakis(2-methoxy-3-carboxybenzyl)-1,4,7,10-tetraazacyclododecane tetramethyl ester (3)
To a solution of cyclen (300 mg, 1.74 mmol) in 30 mL of dry acetonitrile were added of 3.1 mL N,N'-diisopropylethylamine (18 mmol) and 2 (2.1 g, To a stirred solution of 4 (77 mg, 1 mmol) in dry DMF (5 mL), the solution was cooled in an ice bath, R-(+)-methylbenzyl amine (0.5 mL, 4.1 mmol))
was added under nitrogen. The cold mixture was treated with HATU (O-(7-azabenzotriazol-1-yl)-N, N,N',N'-tetramethyluronium hexafluorophosphate, 0.77 g, 2 mmol) and diisopropylethyl-amine (1 mL, 5.7 mmol) successively.
The mixture was stirred 7 h and the solvent was removed under reduced pressure. The residue was partitioned between CH 2 Cl 2 (20 mL) and 1M
HCl (2 x 20 mL). 
Optical spectroscopy
UV-Visible absorption spectra were recorded on a Varian Cary 300 double beam absorption spectrometer. Circular dichroism spectra were measured with a JASCO J-810 spectrapolarimeter. Circularly polarized luminescence and total luminescence spectra were recorded on an instrument described previously, [25, 26] operating in a differential photon-counting mode. The light to the other fixing, arbitrary, the value of the lowest pH measured to 1.
Synthesis
The ligand was synthesized by a six-step synthesis starting from commercially available 3-methyl-salicylic acid (1). First, the phenolic and carboxylic acid were protected by methyl groups (2) using dimethylsulfide.
Subsequently, the tolyl group was oxidized to give the methylene bromide derivative (3). This synthon readily reacted with cyclen in basic medium yielding 4. This protected ester was then saponified (5) and the chiral amine group was introduced by amidation using HATU (6) . Finally, the phenolic methyl ether functions were deprotected using BBr 3 yielding the desired ligand in rather good yield (32% overall).
The metal complexes were prepared using an excess of pyridine as base by 
Results and discussion
Since the complexes were not stable in aqueous solution, the spectroscopic methanol solution where the stability was found to be higher. In order to control the basicity of the methanol solutions, different organic bases with their known pK a values were used.
Ligand
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The UV/visible absorption spectra of the ligand using various bases with pKas ranging from 0.2 to 14.0 are plotted in Figure 1a , whereas the data are reported in Table 1 ). [22] This is consistent with the four IAM units branched on the cyclen moiety. Of special importance is that the absorption maximum is blue-shifted from 335 nm in highly basic media (pH The luminescence spectra of L 1 were measured in methanol solutions. The quantum yields were determined using quinine bisulfate in 1N sulphuric acid as the standard and corrected for the different refractive indexes of the solvents. [27] Selected spectra are shown in Figure S1a and all the data are reported in Table 1 . In acidic medium, only one broad emission band is observed, with a maximum around 435 nm. This emission maximum is redshifted compared to the maximum observed in the absorption spectra (100-130 nm Stoke shift). In basic medium the same emission profile is observed, with a shoulder on the blue side of the emission. This shoulder can be attributed to the emission band of the singlet excited state (with a small Stokes shift), while the main emission band around 435 nm corresponds to the triplet excited state of L
1
. It should be noted that the observation of the unconventional emission from the triplet excited state at room temperature is due to the heavy atom effect induced by the bromide salt of the ligand.
This was confirmed by recording the emission spectra at 77 K ( Figure S2 ).
Gadolinium
Trivalent gadolinium ion was chosen because of its similar electronic structure and size with europium (4f At 77 K, despite a small residual emission arising from the singlet excited state, the emission spectra are mainly composed of a structured emission band located around 430 nm. The deconvolution of this triplet excited state emission band into a vibronic progression [28] [29] [30] of several overlapping
Gaussian functions with separations of ca. 1000-1100 cm Finally, it must be emphasized that the Gd(III) complex is unstable under acidic conditions, since identical absorption spectra and molar absorption coefficient values (within the experimental errors) were obtained for L 1 and its gadolinium(III) complex at room temperature (see Tables 1 and 2 ). A similar observation was noticed for the emission spectra recorded at 77 K (the two emission bands broaden to give similar spectra than for L 1 ). Table 3 The luminescence quantum yield of the terbium complex can be calculated and separated from that of the triplet excited state. Thus the dependence of the quantum yield of both excited states as a function of the pH of the base buffers used can be followed (Figures 4c and 4d ). In the case of the Tbcentered emission, one can see that the luminescence quantum yield is low (3-4%) at low pH. A considerable increase is observed at pH ~ 4-5 (14-20%) and continues until it reaches its maximum (~60%). On the other hand, the opposite effect can be observed when looking at the triplet excited state emission (i.e. large and low quantum yields in acidic and basic media, respectively). This quenching of the triplet excited state emission as the Tbcentered luminescence increases reflects the efficiency of the energy transfer (poor and good efficiencies in acidic and basic conditions, respectively) and that the separation of these two species is possible when using bases of appropriate strength.
Terbium
This luminescence study allows us to conclude that there are at least two different species depending on the pH of the solution, resulting in changes in the emission efficiency.
Another way to observe the number of species is to measure the luminescence lifetime of the Tb-centered emission. At room temperature, one monoexponential decay around 2.1 ms can be found above pH ~ 6, while below this pH, a second component can be detected with a shorter luminescence lifetime around 800 µs ( Figure S5a and Table 3 ). The intensity of the latter emission decreases by increasing the pH as the longlived, deprotonated species dominates the species distribution.
Measurements in deuterated solvent enable calculation of "q" the number of inner sphere bound solvent molecules. [31] These experiments were performed using piperidine, triethylamine, pyridine and 3-hydroxypyridine as buffer bases in d 4 -methanol and showed a monoexponential decay with identical luminescence lifetimes at high pH (using piperidine and triethylamine) and at lower pH (using pyridine and 3-hydroxypyridine).
Application of Beeby's equation [32] to methanol gave 0.0 and 0. , where one predicts the CPL would be large. [33] In such measurements, the luminescence dissymmetry ratio, g lum , is defined as follows:
where I L and I R refer, respectively, to the intensity of left and right circularly polarized lights.
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As can be seen from Figure 6 , the CPL spectra of the magnetic dipole allowed transition, Table 4) . Observation of similar CPL spectra following direct and indirect excitations indicates that the same species in solution is responsible for the CPL activity detected. [26] A useful experiment 
Ytterbium
Luminescence experiments were also performed using Yb(III) ion.
Ytterbium is interesting since it is a near infra-red (NIR) emitter which possesses only one excited state ( The UV/visible absorption spectra are identical to the ones of the Tb (III) and Gd(III) complexes when using piperidine or 3-hydroxypyridine.
As can be seen in Figure 7a , in the most basic conditions (piperidine), the emission is composed of mainly four splittings between 950 and 1150 nm with the most intense at 997 nm. Using a less basic base such as 3-22 hydroxypyridine (Figure 7b ), a strikingly different spectrum is obtained with the first splitting as the dominant one (at 975 nm). The spectrum obtained using the latter condition leads to the "usual" ytterbium emission as often reported for Yb-based compounds. [34] [35] [36] [37] [38] It should be indicated that the profile of the emission spectrum shown in Figure 7a was already observed for phosphor [39] and also in glass or solid state. [34, 40] This suggests an important change of the geometry around the metal as the crystal field changes.
The dependence of the visible luminescence quantum yield and the ytterbium emission area as a function of the pH (Table 5 and Figure 13) were investigated as for the Tb(III) complex. In the visible region of the spectrum (Figure 13a ), it can be seen that there is a considerable decrease in luminescence quantum yield at pH > 7.4. Unfortunately, the study of the sensitization process with Yb(III) is precluded due to the changes observed in the emission profile (emission shifting from the triplet excited state to the singlet excited state bands). The same phenomenon was observed for the Gd(III) complex (observation of the emission from the singlet and triplet excite states when basic and acidic conditions were used, see Table 2 ).
However, the NIR relative luminescence quantum yield trend (slight increase until 7.4 followed by a considerable jump and then again a slightly increase until reaching a plateau, Figure S6 ) clearly supports the presence of two species that certainly possess different geometries around the metal.
This hypothesis is also corroborated by the important emission pattern change observed in the Yb-centered luminescence spectra. It was also 23 confirmed by the pH dependence of the luminescence lifetime of the ytterbium in the NIR (Figure 7b and Table 5 ). As for the Tb(III) complex, a monoexponential decay is observed in basic conditions, whereas two lifetimes can be found when the pH is lower than 7.0. This clearly shows the presence of a second species in solution.
To understand the striking difference of emission patterns, the Yb(III) complex of L 2 was prepared. As can be seen in Figure 8 , the emission of found. These results seem to confirm the fact that the complex formed mainly involved the IAM chromophore at low pH, whereas stronger bases certainly allow involvement of the cylcen moiety in lanthanide coordination.
Thus, this yields different properties than for the "pure" IAM-based complexes.
The number of methanol molecules in the inner sphere (n) can be calculated using the formula developed for Yb(III) by Beeby et al. [41] adapted to methanol. This formula was defined in water using different kinds of ligand.
Since the measurements were made in water, no C- 
Europium
A reasonable level of sensitization was expected with Eu(III) because the triplet excited state is higher than the 5 D 2 state (too high to be optimum). [42, 43] Instead, as illustrated in Figure 9a , only the triplet excited state emission 25 could be recorded. Therefore at 77 K, the "typical" and characteristically split spectrum of europium was observed ( Figure 9 ). These experiments on [L 1 Eu] also prove the presence of two emissive species: one existing at high pH while the other one is present at pH lower than 7. In the following part, the best conditions of sensitization were used to sensitize other lanthanide ions.
Pr, Nd, Sm, Dy, Tm
Because the ligand triplet excited state energy seems well suited to populate most of the Ln(III) cations, all the lanthanide complexes emitting from the f-26 f orbitals were prepared, yielding sensitization of Pr, Nd, Sm, Dy and Tm.
With the exception of neodymium, which only possesses transitions in the NIR region, all these lanthanide ions emit in both the NIR and visible regions. All the relevant luminescence spectra in the visible and in the NIR regions are presented in Figure 10 and a brief description of these luminescence spectra is provided below.
For praseodymium, the 
Conclusions
In conclusion, the synthesis of a cyclen derivative containing four isophthalamide groups (L Gd in methanol at RT and at 77 K using different bases. 
